A theoretical model for the metal hydride electrode has been developed assuming that hydrogen diffusion in the alloy and charge-transfer at the surface control the discharge process. Theoretical equations for the dependence of equilibrium potential and exchange current density on the surface hydrogen concentration have been derived. These parameters have been used to correlate experimental data with the theoretical electrode discharge model. Analysis of both the experimental and theoretical discharge curves reveals a potential plateau determined by the magnitude of the interactions between the hydrogen in the alloy and the unhydrided metal. Neglecting these hydrogen-metal site interactions results in simulations predicting the electrode potential varying over the entire duration of discharge. The results also indicate that utilization of the electrodeis controlled by the rate of hydrogen diffusion in the electrode and by the alloy particle size. KJnetic resistance at the surface is a determining factor of the polarization losses of the electrode. The variation of equilibrium potential and exchange current density with the state of charge has been characterized experimentally. These results are compared withthe model predictions, and good agreement is seen.
Introduction
Metal hydrides (MH) are rapidly replacing cadmium as the negative electrode in conventional Ni-Cd battery systems. '-3 This has led to a tremendous increase in research on the application of intermetallic hydrides as anodes for energy-conversion applications. 2 The main factors affecting the performance of metal hydride electrodes are capacity, cycle life, and power density of the negative electrode. These factors are determined by both the kinetics of the processes occurring at the metal-electrolyte interface and the rate of hydrogen diffusion within the bulk of the alloy. Electrode parameters such as the exchange current density are a measure of the electrocatalytic activity of the alloy and therefore control the physical processes occurring at the interface and in the bulk of the electrode. 3 This gives rise to the need to understand and predict the performance of these alloys as electrodes.
Although many authors have presented different models for the nucleation and phase transformation processes occurring during gas-phase hydriding, there are few models which describe the metal hydride as an electrode.4"
Also, these models do not consider the critical interactions between the hydrogen absorbed in the lattice and the unhydrided metal alloy. Experimental discharge curves of metal hydrides reveal a potential plateau during the major duration of discharge. However, neglecting the nonidealities arising due to the hydrogen-metal site interactions results in simulations of the discharge curves which differ sharply from the actual experimental data.
Furthermore, electrochemical characterization and hence comparison of different alloys as negative electrodes for Ni-MR cells involves measurement of the exchange current density and equilibrium potential as a function of electrode state of charge (SOC). Yayama et al.12"3 derived expressions for the equilibrium potential and the exchange current density of the hydride electrode but neglected nonidealities in the activity coefficients because of changes in the excess free energy during discharge.'4 Characterizing changes in the hydride equilibrium potential and exchange current density is critical not only for evaluating different MR alloys but also for developing a fundamental understanding of the mechanism of hydride electrodes. Furthermore, the kinetic and thermodynamic equations developed herein could be part of larger battery models (De Vidts et al." and Paxton and Newman7) essential for the design and optimization of metal hydride cells. The objective of our effort is to describe mathematically the shortcomings outlined above and to incorporate them in the discharge model. In the first part of this paper, we develop a model for the discharge of the metal hydride electrode under a constant applied current and solve for the concentration profile of hydrogen in the alloy particle. The performance of the hydride electrode under galvanostatic conditions is simulated assuming that only hydrogen diffusion and charge transfer contribute to the polarization losses of the electrode. The Butler-Volmer equation for the hydride electrode is derived taking into account the hydrogen-metal site interactions in the alloy. A Margules symmetrical expression is used to account for changes in the activity coefficient with concentration of hydrogen. A theoretical formalism has been developed to evaluate the equilibrium potential and the exchange current density as a function of state of charge of the electrode. These parameters have been used to correlate experimental discharge data with the theoretical electrode discharge model. We then examine the effects of the reaction and subsequent diffusion of hydrogen inside the particle on the electrode performance.
Model Development
The metal hydride electrode shown in Fig. 1 is modeled in this work. The cylindrical hydride electrode is filled with spherical alloy particles that are in close contact with each other. The particles are in contact with a current collector at the top and one at the bottom of the pellet electrode. The void volume of the electrode is filled with the electrolyte, namely, concentrated potassium hydroxide solution. In order to simplify the analysis, we consider here only the most important physical phenomena. Consequently, only a single spherical hydride particle is taken into account, and we consider the reaction and one-dimensional transport of hydrogen through the particle. The ohmic polarization due to changes in the concentration of electrolyte and the particle-to-particle contact resistance have not been considered. For a thin hydride electrode, the ohmic drop, and the masstransfer resistance in the electrolyte can be neglected. The reaction at the electrolyte/particle interface is characterized by the exchange current density and the equilibrium potential of the electrode. These parameters are dependent on the hydrogen concentration and are treated as such in the model. A macroscopic approach, with the spherical diffusion equation and dilute solution theory; has been used to model the transport of hydrogen through the particle.
The Cylindrical at t = 0, C = C0 [2] pellet electrode I atr=0,=0 i)c [3] Current collectors j'R C=c -FD atr=R,D=_L [4] The boundary condition at the interface arises from the relationship between the rate of diffusion of hydrogen to the surface of the hydride alloy and the current density at the particle/electrolyte interface (r = Rn). The local current density, j', represents the reaction rate at the particle/solution interface. This is related to the current per unit mass of the electrode, j expressed in A/g applied at the current collector, through the amount of material, WMH, volume of the pellet, V, electrode porosity, e, and the electroactive surface area per unit volume of the electrode, aMH
The electroactive surface area is calculated assuming that all the particles are spherical in shape, identical in size, and with their entire surface area exposed to the electrolyte. This leads to the expression"
For a constant-current discharge solving Eq. ] where , a dimensionless parameter, is given by j'R [9] Fc"D The parameter describes the relative contributions to the polarization losses from the reaction at the surface and the transport of hydrogen in the bulk of the alloy. Integration of the concentration in the particle given by Eq. 8 over the particle volume gives the average hydrogen concentration in the particle at any instant during the discharge of the pellet as c= 1 -3T [10] where tD [11] R Assuming a constant concentration of hydrogen at the particle/electrolyte interface a semianalytical solution has been derived for the fractional conversion of hydrogen. In this work we do not differentiate between the a-13 transitions that occur during hydriding/dehydriding of the interior metal alloy. However, we focus on the changes in the hydrogen concentration at the particle-electrolyte interface due to the electrochemical reaction I. We also study the effect of these changes on the electrode discharge voltage and equilibrium potential. During charge, the reverse of the processes described above happens, beginning with the hydrogen adsorption at the metal particle surface. This results in hydrogen absorption as given by the reverse of reaction I with the flux of hydrogen atoms toward the interior of the alloy particle from the surface. For a constant discharge current, it is of interest to simulate the active material potential (1) at different electrodes states of charge. In order to predict this, the hydrogen concentration at the surface of the particle is needed as a function of time. To determine the surface hydrogen concentration for a galvanostatic charge/discharge, the concentration profile of hydrogen is first obtained by solving the one-dimensional time-dependent diffusion equation for the spherical particle c D(2ac'l [1] where D is the diffusion coefficient of hydrogen which is assumed not to vary with the state of charge. The initial concentration of hydrogen is assumed to be uniform throughout the particle. From symmetry the hydrogen concentration gradient is zero at the center of the particle (r = 0)
Substituting Eq. 22, 23, and 25 into Eq. 20 we have
When the surface concentration drops to zero, the electrode veal a flat potential profile due to the interactions between has been completely discharged, and no further current can the absorbed hydrogen and metal lattice. Neglect of the be drawn. Equation 12 can be rewritten to calculate the changes in y would result in simulations predicting a potentime for discharge, Td, for the metal hydride electrode under tial varying significantly over the entire duration of disa constant applied current charge. Hence it is essential to consider the changes in the
activity coefficient with concentration of the active species. We account for the nonidealities in the activity coefficient by using a thermodynamic model that considers the changes in the free energy to be due to the interaction of absorbed hydrogen and the metal alloy. This approach is
For a given current per unit mass, , Eq. 14 can be solved to obtain the time for discharge, Td. For long discharge periods the discharge time can be directly obtained from Eq. 13 as similar to that proposed for the nickel electrode by Barnard et al.'7 Verbrugge and Koch'8 used a similar approach for lithium intercalation in carbon fibers. A more detailed study in comparing different thermodynamic models for the variation in the activity coefficient has been done by Jam [15] et al. 19 for the nickel electrode. Following the approach of Barnard et al.,'7 energy for the hydride electrode as the sum of (i) the free energy of reaction, GR, (ii) free energy of mix-
The electrode utilization is then calculated as ing, G,, and (iii) the excess free energy of interaction, GE. We use the symmetric Margules expressions'7'19 for the variation [16] of y with concentration, namely where Q0 is the actual capacity of the electrode.
-
---(1 -c,) [22] Electrode kinetics and thermodynamics-If the solution and and solid-phase resistivities are negligible, the current density at the particle surface due to reaction I is a function of the concentration of hydrogen at the surface, the
RT overpotential and the number of free metal sites at the . alloy/electrolyte interface. Under these conditions the cur-
where A is a constant. The total free energy is given by rent density given by the concentration-dependent ButlerVolmer equation is"
where a,, is the activity of adsorbed hydrogen and M represents the empty sites on the particle surface. Since the activity of free metal sites and hydrogen are unknown quantities, we express them in terms of the activity coefficient and concentration as a = yc. The potential difference at the particle interface, 'I', is a theoretical entity and hence cannot be measured experimentally. We define an
The electrode potential can be found from the differential of the total Gibb's free energy.'7 Differentiating Eq. 24 with respect to ê,, we have the equilibrium potential of the hydride electrode as
[25] eq F (1 -,) F electrode overpotential, i, at the particle/electrolyte interface relative to a reference potential as where =Il'eq [18] where 1eq denotes the potential difference at equilibrium. Rewriting Eq. 17 with these expressions for the activities, = ii,)
[26]
The first and second terms in Eq. 25 represent, respectiveii, and also considering" ly, the reaction energy and the entropy contribution to the a = - [19] M s )'M hydrogen potential. The third term represents the correction for the excess energy arising from the interactions due we have to hydrogen intercalation in the material. represents the [20] electrode equilibrium potential at 50% state of charge, i.e., a, = 0.5 in Eq. 25. Thus the electrode overpotential is given where YM and y are the free metal site and hydrogen acby substituting Eq. 25 into Eq. 18 as tivity coefficients, respectively. The hydride equilibrium potential is given by the activities of hydrogen and the free 27] metal sites on the surface of the particle [21] A similar expression has been used previously'4 to account for the free interstitial sites needed for hydrogen absorption. However, previous treatments"'4 of the hydride equilibrium potential and the exchange current density, have
[28] c, considered the activity coefficient to be a constant. Departures of y from unity due to the interactions of the absorbed hydrogen in the metal lattice have been neglected. This approximation is true for ideal solutions or cases where the concentration of the active species does not vary At equilibrium both the forward and backward reactions proceed at the same rate, and the overpotential as well as the net current density are zero. Letting TI = 0 and equating both terms in Eq. 28 leads to significantly. However, intermetallic hydrides are nonideal solid solutions where the hydrogen content in the electrode varies over two orders of magnitude. Furthermore galvano-,,,. V=1-3&r [11] = 1 -
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Initially the electrode was charged at a constant current of 6 mA for 10 h and then discharged at 3 mA until the potential reached a cutoff value of -0.6 V These charge-discharge cycles were repeated ten times in order to condition the electrode. After activation of the electrode, SOC studies were performed to determine the electrode characteristics. Here, the SOC is defined with respect to the total useful capacity, determined from the time taken for discharge at a constant rate of 24 mA/g. The active material was discharged for a fixed time at a constant current, and the SOC was determined from the ratio of the time discharged to the time required for complete discharge. Once the alloy was discharged to a particular SOC, the electrode was left on open circuit until a stable potential was observed (typically between 45 to 60 mm). After the potential stabilized, polarization studies were performed. The SOC studies were itpeated until the electrode was discharged to its cutoff potential of -0.6 V. The ratio D/R was determined from a galvanostatic discharge technique.2° The parameters used in all the simulations are given in Table II. Results and Discussion Concentration profiles.-In order to understand the discharge process, Fig. 2a presents the hydrogen concentration in the particle at different times of discharge for the parameters given in Table II . For all times, the hydrogen concentration decreases from the center of the alloy (r = 0) toward the surface (r = R5) where reaction I occurs. As the reaction proceeds, the hydrogen in the alloy gets progressively depleted. The hydrogen concentration gradient fuels further transport toward the surface. This results in a drop in concentration of hydrogen throughout the particle, from the center to the surface. The hydrogen concentration in the particle varies significantly as illustrated in Fig. 2b by the concentration profile after 5 h of discharge. The concentration at the center of the particle is significantly higher than the surface values. The concentration under- beef -
Substituting for the normalized surface hydrogen concentration from Eq. 12 into Eq. 31 we get the electrode potential as a function of discharge time. We use a NewtonRaphson procedure to solve for the electrode potential, 't (with respect to a Hg/HgO reference electrode) as a function of state of charge. The discharge time is related to the state of charge of the electrode by
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At the end of discharge, a concentration gradient exists in the hydride particle favoring the transport of hydrogen from the bulk to the surface. Due to this hydrogen flux, the electrode potential changes and reaches a stable value only when the hydrogen concentration is the same throughout the particle. During experiments, the SOC studies were done once the electrode potential had stabilized. In such a case, the equilibrium potential and the exchange current density of the hydride electrode for reaction I are a function of the average hydrogen concentration, . For these cases, we substitute for from Eq. 10 into Eq. 25 and Eq. 32 while evaluating cIeq and j, respectively. Table I lists the important equations derived for the hydride electrode. Experimental LaNi427Sn534 alloy was crushed and ground mechanically. The alloy was then plated with 25% by weight of nickel in an acid hypophosphite bath. A pellet electrode was prepared by mixing the encapsulated alloy with 2.Swt % polytetrafluoroethylene (PTFE) followed by hot pressing the material between two nickel meshes at 300°C and 500 MPa in a cylindrical press. A pellet of 0.8 cm diam, 0.9 mm thickness, and 450 mg by weight was obtained.
Characterization studies were done in a three-electrode setup. The working pellet electrode was inserted between two pieces of Plexiglas and immersed in a cell filled with 6 M KOH solution. All potentials are with respect to the Hg/HgO reference electrode. The counter electrode was a platinum mesh. The cell was maintained at a constant temperature of 25°C using a water bath. Bitrode Model LCN automated cycle-life tester was used for cycling the electrode. Electrochemical studies were done using the Increasing the discharge current (increasing ) results in faster depletion of the active material from the surface.
Exchange current density-During the polarization studies, the electrode potential was perturbed 20 mV above and below the equilibrium voltage, and the current response was measured at different hydrogen contents. Since the deviation in potential is small, the change in the SOC of the electrode is less than 1%. The linearized form of the Butler-Volmer equation can then be used to calculate the exchange current density, j, of the encapsulated alloy RT [35]
Here the charge-transfer resistance denoted by R0 is the slope of the current-potential lines and denotes the extent of change in the electrode potential with current, i.e., the polarizability of the alloy. The exchange current densities for the nickel-plated electrode calculated using Eq. 35 are summarized in Fig. 4 as a function of electrode hydrogen content. Although the concentration of the electroactive species is not explicitly present in Eq. 35, variations in the charge-transfer resistance with hydrogen content as given by Eq. 32 cause j, to change with the SOC. The dashed line in Fig. 4 is the fit of the experimental data with Eq. 32 using the thermodynamic parameter A as the adjustable parameter. The value of A obtained here has been used in all subsequent simulations. The exchange current is a measure of the system's ability to deliver a net current or a constant potential without a significant energy loss due to activation. From this perspective it is essential that the MH electrode have a constant exchange current density throughout the discharge period. The value of the exchange current density increases, reaches a maximum, remains a constant for most of the discharge, and finally decreases at high SOC as shown in Fig. 4 . The exchange current density is also a good measure of the catalytic activity of the electrode for hydrogen evolution/absorption, since j0 is an indication of the height of the free-energy barrier for reaction I at the reversible potential. Discharge characteristics-For a constant-current discharge, Eq. 31 was solved for the overpotential using a Newton-Raphson interactive technique. The electrode potential during discharge was determined as a function of the SOC of the electrode as defined by Eq. 34. The constantcurrent discharge curves at different rates are given in -800
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State of discharge (%) Fig. 5 . Simulated discharge profiles of the metal hydride electrode at rates of c/i o, C/S. C/3, C/2, and C/i. Note that the increase in discharge rate results in the potential dropping to its cutoff point well before all the hydrogen in the particle has reacted.
control. At the end of discharge the hydrogen concentration is close to zero at the surface, and under these conditions diffusion dominates the desorption reaction. It can be seen that, as the discharge rate increases, the SOC at the end of charge increases. Several investigators'1 have explained this behavior in terms of the depletion of atomic hydrogen on the surface of the metal hydride particles. The decrease in the concentration of hydrogen at the surface results in a concentration gradient which induces the diffusion of hydrogen in the metal particle toward the surface. Under high discharge rates, the hydrogen diffusion from the bulk of the hydride alloy to the surface is slow compared to the rate of the electrochemical reaction occurring on the surface of the particles. This reduces the hydrogen concentration to values close to zero and causes the potential to drop before all the hydrogen contained in the particles has reacted. Figure 6a presents the comparison between the model simulated cell voltage vs. time curves and the experimental data. It can be seen that the model and the experimental data agree very well at two different discharge rates. Both the model predictions and the experimental results indicate that the electrode voltage drops quickly from the initial potential to more positive values at the beginning of discharge, then decays very slowly during the main course of discharge, and finally falls off upon complete discharge. The discharge profile for 34 mA/g neglecting the hydrogen-metal interactions (A = 0) is presented in Fig. 6b . As seen from the plot, the electrode potential changes continuously during discharge, and the plateau observed in the experimental discharge curve is completely absent. These results indicate that the changes in the interactions between the hydrided and bare alloy significantly affect the alloy performance.
The simultaneous effects of the hydrogen diffusion in the bulk of the alloy and the reaction on the hydride surface need to be optimized to enhance the performance of the hydride electrode. Figure 7 shows the effect of the exchange current density on the discharge curves. The exchange current density at 50% SOC is varied, and the potential response is simulated. Decreasing the exchange current results in increasing initial drop in potential as seen in Fig. 7 . Hence, the overpotential given by the difference in the electrode and equilibrium potentials increases with decreasing values of the reaction rate. Therefore for practical systems, alloys with high of are preferred. The time at which the electrode potential drops rapidly to more positive values indicates that the electrode has been completely discharged. From Fig. 7 , we can see that the time for complete discharge of the electrode remains the same for all values of the exchange current. These results indicate that the utilization of the electrode remains unaffected with changes in the reaction rate at the surface. However, the reaction rate contributes significantly to the polariza- State of Discharge (¼) Fig. 7 . Effect of the reaction resistance on the discharge profiles of the hydride electrode. Note that varying the exchange current density has no effect on the final time for complete discharge of the electrode. However, the polarization losses of the electrode decrease with the lowering of the reaction resistance.
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= jR where j represents the current used to determine the actual capacity of the electrode (24 rnA/g in our case). Discharge curves for different values of the parameter v are shown in Fig. 8 . It is seen that the effect of decreasing the diffusion coefficient affects the electrode behavior in the same way as increasing the discharge rate. The two parameters, the discharge rate and the diffusion coefficient are interrelated because at high discharge rates, hydrogen diffusion from the bulk of the hydride will be slow compared to the rate of the electrochemical reaction occurring on the surface of the particles. Similarly, the discharge time decreases, and the utilization of the electrode is lower with a decrease in the rate of hydrogen diffusion. A similar effect can also be achieved by increasing the particle size of the alloy. Hence, for a given discharge rate, depending on the value of the diffusion coefficient and the particle size, the charge left in various hydride alloys will be different at the end of discharge.
For practical applications of hydrides, the parameter of interest is the electrode utilization. Figure 8 shows that the discharge time is sensitive to changes in v and a decrease in one order of magnitude of this parameter from 0.47 to 0.047 results in reducing the electrode utilization by 60%. The parameter R/D is the time for diffusion, D, and represents the discharge time of the electrode if it is under diffusion control only. Figure 9 shows the utilization of the electrode as given by Eq. 16 for different values of the time for discharge. In actual hydride electrodes the pulverization effect results in reducing the particle size of the alloy to approximately 10 to 15 p.m.2° With a tD of the order of io s, this gives a value of diffusion coefficient of approximately 10-11 cm2/s. The diffusion coefficient of hydrogen in the alloy is determined by the alloy constituents and can be modified by different substitutions. 21 The diffusion coefficient in a given charge-discharge cycle varies due to the a-j3 transitions. 22 For an alloy of given material, the diffusion coefficient does not change significantly with cycling. However, the particle size varies considerably during charge-discharge cycles, and this would affect the utilization of the electrode significantly. Hence design of hydride electrodes needs to focus on optimizing the particle size during cycling.
Equilibrium potential-The potential of the nickel plated electrode on immersion initially in the 6 M KOH solution was 0.5 52 V Once the electrode was charged, the potential reached more negative values because of the hydrogen intake. After activation, the SOC studies were done once the electrode potential at the end of discharge had stabilized. Using the three-electrode setup, the constant equilibrium Fig. 9 . Effect of the time for diffusion on the utilization of the hydride electrode. Note that, for a constant diffusion coefficient, varying the particle size significantly affects the electrode utilization.
potential at different values of hydrogen content was measured with respect to the Hg/HgO reference electrode.
Yayama et al.'2'13 presented comparisons between the experimental and predicted equilibrium potential at low states of charge for a TiMn1 5H alloy. Expressions employed for the equilibrium potential in their analysis had a reaction-order dependence on the concentration of hydrogen. However, the equilibrium potential is a purely thermodynamic parameter and does not depend on the reaction orders which are related to the kinetics of the interface processes. Conclusions An analytic model for the discharge of the hydride electrode under galvanostatic conditions was developed. A theoretical formalism for predicting the thermodynamic and kinetic parameters of the hydride electrode has been outlined. The Butler-Volmer equation for the reaction at the surface of the alloy was derived considering the hydrogenmetal site reactions. The discharge model and the different equations derived are general in nature and can be used for any hydride material. The analytic model coupled with the Margules thermodynamic correction for the activity coefficients was used to study the hydride electrode under different conditions. The interaction parameter A was found to alter significantly the shape of the predicted discharge curves. Experimental discharge curves reveal a potential plateau during most part of the discharge. Neglecting the activity-coefficient variations with concentration (A = 0) resulted in discharge curves which differed significantly from the actual physical process. General battery models of the Ni-MH cells could incorporate the equilibrium equations developed in this paper in order to get better estimates of the discharge potential. The effect of an increase in the reaction resistance at the surface of the alloy results in a rise in the polarization losses of the electrode. Model simulations indicate that diffusional resistance forms the major contributor to the electrode polarization. The electrode utilization was found to be sensitive to changes in the time for diffusion. The particle size of the alloy and the hydrogen diffusion coefficient were found to be the determining factors of the electrode utilization. Thermodynamic and kinetic data critical to the optimization of the elec- 
